Traumatic brain injury (TBI) often involves focal cortical injury and white matter (WM) damage that can be measured shortly after injury. Additionally, slowly evolving WM change can be observed but there is a paucity of research on the duration and spatial pattern of long-term changes several years post-injury. The current study utilized diffusion tensor imaging to identify regional WM changes in 12 TBI patients and nine healthy controls at three time points over a four year period. Neuropsychological testing was also administered to each participant at each time point. Results indicate that TBI patients exhibit longitudinal changes to WM indexed by reductions in fractional anisotropy (FA) in the corpus callosum, as well as FA increases in bilateral regions of the superior longitudinal fasciculus (SLF) and portions of the optic radiation (OR). FA changes appear to be driven by changes in radial (not axial) diffusivity, suggesting that observed longitudinal FA changes may be related to changes in myelin rather than to axons. Neuropsychological correlations indicate that regional FA values in the corpus callosum and sagittal stratum (SS) correlate with performance on finger tapping and visuomotor speed tasks (respectively) in TBI patients, and that longitudinal increases in FA in the SS, SLF, and OR correlate with improved performance on the visuomotor speed (SS) task as well as a derived measure of cognitive control (SLF, OR). The results of this study showing progressive WM deterioration for several years post-injury contribute to a growing literature supporting the hypothesis that TBI should be viewed not as an isolated incident but as a prolonged disease state. The observations of long-term neurological and functional improvement provide evidence that some ameliorative change may be occurring concurrently with progressive degeneration.
INTRODUCTION
Traumatic brain injury (TBI) affects more than 1.4 million people every year in the United States (CDC, 2006) . These injuries are the most common source of neurological impairment among young and middle-aged adults, and can produce long-term cognitive deficits that hinder patients' ability to function independently, lower their quality of life and increase the risk of developing comorbid neurological disorders (Anderson et al., 1995; Kiraly and Kiraly, 2007; Bombardier et al., 2010; Malec et al., 2010; Risdall and Menon, 2010; Sharp and Ham, 2011) . Previous research has shown that the progression of structural pathology in the first year following injury includes decreased white matter (WM) integrity throughout the brain (Povlishock and Christman, 1995; Trivedi et al., 2007; Xu et al., 2007; Marquez de la Plata et al., 2008; Sidaros et al., 2008; Lin et al., 2010) , but little is known about WM changes that occur after this first year. Concomitant to slowly occurring atrophy and WM degradation, TBI patients typically demonstrate measurable cognitive and motor improvements in the first and subsequent years post-injury. This study aims to identify long-term patterns of WM change following TBI, as well as how variations in WM integrity correlate with both neuropsychological test performance and change in test performance over time (Levin, 2003; Staudt, 2010) .
Diffusion tensor imaging (DTI) is sensitive to WM damage immediately following TBI and useful in monitoring longitudinal changes (Filippi et al., 2001; Xu et al., 2007; Bendlin et al., 2008) . DTI, which is based on the principle that water molecule movement is restricted by barriers to diffusion that vary in the brain depending on tissue type or pathology, [for review see Le Bihan (1991) ], is sensitive to changes in the microstructure of WM.
Several studies have shown that DTI accurately detects damage in tissue that may appear normal when measured with conventional MRI (Arfanakis et al., 2002; Chan et al., 2003) and that DTI can be of clinical importance when tracing recovery (Filippi et al., 2001; Arfanakis et al., 2002; Field et al., 2003) . These capabilities make DTI well suited for assessing WM damage caused by TBI and for tracking how WM changes progress longitudinally following injury.
The current study is an extension of a prior study conducted on this same cohort of TBI patients. The previous paper (Bendlin et al., 2008) , included whole-brain DTI and volumetric analyses of patients at two months and one year post-injury. Results showed gray and WM alterations over time in TBI compared to control. Regions of reduced WM integrity included corpus callosum, forceps major and minor, anterior corona radiata, external capsule, cerebral peduncle, superior longitudinal fasciculus (SFL), uncinate fasciculus, and corticopontine tract. The current study extends the previous work with the addition of a third time point approximately four years post-injury. Furthermore, the current study includes axial and radial diffusivity analyses (which may allow inference concerning the cause of WM changes), and increases the power to detect group-wise effects by restricting analyses to the WM.
The primary metric used to assess WM integrity in this study is fractional anisotropy (FA). FA describes the extent to which a diffusion process is anisotropic or directionally constrained. In brain WM, higher FA is associated with greater WM integrity (Alexander et al., 2007) . As noted above, we also employed two secondary metrics: axial diffusivity and radial diffusivity. Axial diffusivity refers to the movement of water along the principle axis of a WM tract. Animal studies have demonstrated that high axial diffusivity is associated with healthy axons, and low axial diffusivity is associated with axonal damage (Song et al., 2002 (Song et al., , 2003 . Radial diffusivity refers to the movement of water perpendicular to the principle axis of a WM tract. Animal studies have demonstrated that low radial diffusivity is associated with healthy myelin, and high radial diffusivity is associated with myelin damage (Wheeler-Kingshott and Cercignani, 2009) . Investigating how these secondary metrics change over time in brain regions demonstrating longitudinal differences in FA can provide additional insight into the processes underlying WM change.
The first major goal of the current study was to characterize longitudinal changes in regional brain WM microstructure using DTI in conjunction with neuropsychological testing. Due to previous reports of volume loss and WM decline in the corpus callosum, as well as the emergent theory of TBI as the initiation of a disease state, we predicted that this structure would demonstrate continued decline throughout the duration of the study within the TBI group (Gale et al., 1995; Bigler et al., 1996; Kim et al., 2008; Kumar et al., 2010; Masel and DeWitt, 2010; Matsukawa et al., 2011; Ljungqvist et al., 2011) . While decline in many regions is likely, patients typically continue to improve cognitively; thus we also sought to determine whether FA increases may occur in other regions, which may suggest consolidation or remodeling of WM tracts associated with recovery. Candidate regions include corticospinal tract regions (cerebral peduncle, internal capsule) and longitudinal tracts (superior and inferior longitudinal faciculi) due to previous research indicating improvements in certain diffusion metrics in a subset of these regions (Sidaros et al., 2008) and the presence of damage in these regions observed in crosssectional studies done close to the time of injury but not in those done several years post-TBI (Kraus et al., 2007; Bendlin et al., 2008) .
The second major goal of this study was to identify correlations between FA and neuropsychological task performance cross-sectionally at each time point studied, as well as determine whether changes in task performance over time correlated with changes in FA longitudinally. Due to previous research indicating that higher corpus callosum FA is associated with better performance on manual motor tasks in brain injury patients, we predicted that scores on a fine motor finger tapping task employed in this study would correlate with FA in this region among TBI patients (Caeyenberghs et al., 2011a,b) . Furthermore, we predicted that increases in FA within the longitudinal tracts would correlate with improved performance on the more complex neuropsychological tasks such as the Cognitive Oral Word Association Test (COWAT), or the cognitive component of the Trail Making Test. Finally, we expected patients who had sustained more severe injuries, as measured by the 24 h post-resuscitation Glasgow Coma Score (GCS), to demonstrate a greater degree of initial microstructural damage and longitudinal WM change than patients who sustained less severe injuries.
METHODS

TBI PATIENTS
Forty-six TBI patients participated in an initial MRI scan, thirtysix returned for a second visit, and twenty returned for a third visit. DTI was acquired in sixteen individuals at all three time points (three were subsequently excluded due to excessive motion, and one more was excluded due to a second head injury sustained in a motor vehicle accident between visits 2 and 3). The mean age of the final group of twelve patients (ten males and two females) was 35.00 ± 12.76 years at the beginning of the study; mean education was 13.17 ± 1.75 years. The majority of the patients received acute treatment at the University of Wisconsin Hospital and Clinics level 1 trauma center and were referred from the departments of Neurosurgery, Trauma and/or Rehabilitation. The inclusion criteria for TBI consisted of involvement in a rapid impact injury to the brain (such as a motor vehicle accident or fall) causing a loss of consciousness. Evidence of brain injury included admittance for emergency medical attention following loss of consciousness in the field, a GCS score either at the emergency room (ER) or upon hospital admission of less than or equal to 13, and a post-resuscitation GCS score of 5 or above. All patients had day of injury CT scans that were positive for visible brain injury. All TBI patients were less than three months post-injury at their first visit, and most were studied between eight and twelve weeks post-injury depending on their availability and other medical issues related to the injury. Exclusion criteria consisted of current major Axis I psychiatric disease or history of major medical condition (e.g., cancer, diabetes, or diagnosed neurological condition), as well as any previous diagnosis of substance dependence, or an undiagnosed pattern of behavior demonstrating longstanding maladaptive use of alcohol or other drugs. All patients gave informed written consent under a protocol approved by the University of Wisconsin Health Sciences Institutional Review Board.
HEALTHY CONTROLS
Thirty-six control participants were recruited from the community and from the University of Wisconsin Madison campus via advertisement. Twenty of these participants returned for two additional visits. Acquisition errors resulted in the loss of four participants who did not have adequate DTI at all three time points; and in seven cases DTI was not acquired at one of the visits due to time constraints; DTI scans acquired from nine participants at all three time points were used in the final analysis. The mean age of the final group of nine healthy controls (four males, five females) was 31.44 ± 12.38 years at the beginning of the study; education was 14.77 ± 2.22 years. Exclusion criteria were identical to the TBI group (with the exception of head injury also being exclusionary for controls). MR scanning of control participants occurred on approximately the same schedule as that of TBI patients. All participants gave informed written consent under a protocol approved by the University of Wisconsin Health Sciences Institutional Review Board.
PROCEDURES
Volunteers participated in three testing sessions, each consisting of MR imaging and neuropsychological testing. TBI patients were tested at three visits, Visit 1, acquired approximately two months (mean = 63 days) post-injury (ranging from 28 to 81 days), Visit 2, approximately one year (mean = 318 days) after Visit 1 (ranging from 226 to 381 days) and Visit 3, approximately three years (mean = 1187 days) after Visit 2 (ranging from 956 to 1651 days). Controls also participated in three visits with approximately one year (mean = 286 days) between Visit 1 and 2 (ranging from 74 to 374 days) and three years (mean = 1096 days) between Visit 2 and 3 (ranging from 778 to 2011 days).
NEUROPSYCHOLOGICAL EXAMINATION
On the day of each scan, a neuropsychological battery that included: COWAT, WRAT-III (Wide Range Achievement Testreading subtest, an approximation of pre-morbid intelligence), Finger Tapping (during which participants tapped a lever for 10 s as fast as possible for three trials and the average was used), Digit Span (a measure of working memory) and Trail Making Tests A (a visual-motor speed task) and B (a combination task requiring both visual-motor skill and rapid cognitive set shifting) was administered to each participant. These tests were selected based on previous research in our laboratory suggesting their probable relevance to TBI induced behavioral changes. Some of our analyses also included Trails B cognitive component scores which were calculated by subtracting each subject's Trails A score (visuomotor) from his or her Trails B score (visuomotor and cognitive) to isolate the cognitive component of the Trails B task. Statistical analysis of neuropsychological test results was performed as follows: for each test, a general linear model repeated measures test was carried out in SPSS 20.0. From these models, main effects of group and time as well as a group by time interaction were derived. Simple effects analyses were performed by using independent samples one-tailed t-tests to assess between-groups differences in task performance at each time point, and by using paired samples one-tailed t-tests to assess within groups changes in task performance across time points.
MAGNETIC RESONANCE IMAGING
All participants underwent magnetic resonance on a General Electric 3.0 T (Waukesha, WI) MRI system with a quadrature birdcage head coil. Structural scans included an axial T1-weighted inversion recovery-prepped spoiled gradient echo scan (inversion time = 600 ms, repetition time (TR)/echo time (TE)/flip angle = 9 ms/1.8 ms/20 • ; acquisition matrix = 256 × 192 interpolated to 256 × 256; field of view (FOV) = 240 mm; and 124 slices 1.2 mm thick). Diffusion tensor imaging was performed using a cardiac-gated, diffusion-weighted sequence with the following parameters: 12 directions with diffusion weighting of 1114 s/mm 2 and a non-diffusion-weighted reference image (B0); TR = 10-15 s; TE = 78.2 ms; number of averages: 3; acquisition matrix = 120 × 120 interpolated to 256 × 256; FOV = 240 mm; 39 contiguous 3 mm thick axial slices. The scan resulted in 0.9375 × 0.9375 × 3 mm voxels. Prior to the diffusion-weighted scan, high order shimming was performed to minimize EPI distortions. A neuroradiologist (HR) reviewed all structural MRI images to identify the location and extent of lesions associated with the TBI and to identify non-injury related brain abnormalities that might exclude participants from the statistical analyses. Additionally, a high resolution 2D axial T2* gradient echo sequence sensitive to both DAI and contusions was collected for evaluation by a neuroradiologist who confirmed the presence of brain injury. Imaging parameters were as follows: gradient echo read-out with TR = 325 ms, TE = 20 ms; flip angle = 15 • ; acquisition matrix = 256 × 192 interpolated to 256 × 256; FOV = 240 mm; 22 5 mm thick axial slices, with a 1 mm skip between slices; and receiver bandwidth = ±15.83 kHz.
DIFFUSION TENSOR IMAGE PROCESSING
Image distortions in the DTI-data caused by eddy currents were corrected using a 2D affine co-registration function, align linear, in the Automated Image Registration software package (http:// www.loni.ucla.edu/Software/AIR). Non-linear image distortion from static field (B0) inhomogeneities was corrected using the acquired field map and implemented in the prelude (Phase Region Expanding Labeller for Unwrapping Discrete Estimates) and fugue (FMRIB's Utility for Geometrically Unwarping EPIs) tools from the FSL software suite (Smith et al., 2004) . After distortion corrections, 3D maps of the diffusion tensor and derived measures, FA, axial diffusivity (determined using the principle eigenvalue, L1) and radial diffusivity (determined using the average of the secondary and tertiary eigenvalues, L2 and L3), were calculated. For each subject, the FA, radial diffusivity, and axial diffusivity maps from Visits 2 and 3 were then co-registered to the corresponding maps from Visit 1 using flirt (FSL) 12-parameter affine co-registration. Normalization was then performed using fNIRT in FSL. Normalization of the Visit 1 maps to the FSL FMRIB58_FA_1 mm template was performed for each subject. The transformation derived from this normalization was then applied to the co-registered maps acquired during Visits 2 and 3. The maps from each time point for each measure were visually checked for alignment to each other and the template.
STATISTICAL ANALYSIS
Primary statistical analyses were performed on FA maps using factorial ANOVA statistical modules in SPM8. Gender was used as a covariate in all analyses. Because this study focused only on WM change, all SPM analyses were restricted to regions within a WM mask to increase our power to detect longitudinal change. The WM mask was created by applying a threshold of 0.5 (Figure 1 ) to the mean FA map of all subjects, and then binarizing the resulting image using fslmaths (FMRIB Software Library). To determine whether there were overall group differences in longitudinal FA change, we tested for an interaction between group and time within the factorial model. The hypothesis that there would be longitudinal change within the TBI group was tested using simple effects analyses, also within the factorial model framework.
Secondary statistical analyses using axial and radial diffusivity maps were also performed using factorial ANOVA statistical modules in SPM8. Because these analyses were employed to further examine the causes of FA change, axial, and radial diffusivity analyses were restricted to regions where significant FA results were observed. We hypothesized that increases in FA would be driven by decreased radial diffusivity and/or increased FIGURE 1 | Because this study focused only on white matter change, all SPM analyses were restricted to regions within a white matter mask to increase our power to detect longitudinal change. The white matter mask was created by applying a threshold of 0.5 to the mean FA map of all subjects, and then binarizing the resulting image. This figure shows the white matter mask in three orthogonal directions. The left side of the mask is patient left and the right is patient right.
axial diffusivity, and also conversely that decreases in FA would be driven by increased radial diffusivity and/or increased axial diffusivity.
Correlations with neuropsychological test scores were assessed using linear regression implemented in SPM8, where test scores were independent variables and FA maps were the dependent variables. We hypothesized that we would see positive regional correlations between FA and task performance. In addition to direct correlations between neuropsychological test scores and FA values, we also tested hypotheses concerning how changes in FA and changes in neuropsychological performance might correlate. In these cases, differences in neuropsychological test scores between two time points were calculated for each subject, as were differences in FA during the same interval. FA differences were determined by subtracting the later maps from the earlier maps for each subject. Correlations between FA change maps and changes in neuropsychological test scores were also assessed using linear regression implemented in SPM8, where changes in test scores were independent variables and FA change maps were the dependent variables. All correlation analyses of neuropsychological measures were limited to regions within the WM mask used in general FA analyses.
STATISTICAL THRESHOLD
A voxel-level threshold of α = 0.001 (uncorrected) was used for all contrasts. Multiple-comparison correction for FA analyses was performed using estimates from a Monte-Carlo simulation performed with AlphaSim to achieve a corrected cluster-level threshold of α = 0.05 (Forman et al., 1995) . The Monte-Carlo simulation determined based on randomly computed images that a cluster with 581 voxels with the same dimensions, voxel probability threshold, and smoothness parameters as FA images inputted for analysis would be unlikely (at the α = 0.05 clusterlevel corrected threshold) to be significant only by chance. Thus, a cluster-level threshold of 581 voxels was used in all FA analyses. For secondary factorial analyses of axial and radial diffusivity and regression analyses used to test neuropsychological correlations cluster-levels were determined individually for each SPM at the significance levels noted above.
RESULTS
DEMOGRAPHIC AND BEHAVIORAL RESULTS
There were no significant differences in age (t = −1.131, df = 19, two-tailed p = 0.272) or years of education (t = −1.861, df = 19, two-tailed p = 0.078) between the TBI and control groups. There were significantly more males in the TBI group compared to the control group (χ 2
(1, 12) = 4.535, p = 0.033). Demographic results are shown in Table 1 . Repeated measures analyses of neuropsychological test results indicated a main effect of group in the DSPAN, Trails B, and COWAT tasks, as well as a group by time interaction for the COWAT task ( Table 2) . Simple effects analyses of neuropsychological tests performance indicated that TBI patients' performance was significantly worse than that of controls on Digit Span, Trails A and B at Visits 1, 2, and 3. TBI patients also differed from controls on the COWAT at Visits 1 and 2. No significant group differences were seen in WRAT-III Table 2 .
DTI RESULTS
The FA factorial analysis revealed a group by time interaction in the genu of the corpus callosum (Figure 2) . Analyses of the secondary metrics (using separate factorial models for axial diffusivity and radial diffusivity maps) demonstrated that there was also a group by time interaction in this region in the radial diffusivity model, but not the axial diffusivity model (Figure 2 ). Together these analyses indicate that the group by time interaction observed in the genu in the FA analysis was driven by changes in radial (not axial) diffusivity. A main effect of time was observed throughout the corpus callosum in the primary FA analysis (Figure 3) . A corresponding main effect of time was observed in this region in the radial, but not the axial, diffusivity analysis (Figure 3) . A main effect of group was observed in WM tracts throughout the brain, including the cerebral peduncle, inferior and superior longitudinal fascicule (ILF and SLF), internal and external capsule, inferior fronto-occipital fasciculus, sagittal stratum (SS), corpus callosum, fornix, optic radiations (ORs), thalamic radiations, uncinate fasciculus, and corona radiata (Figure 4) . Axial and radial diffusivity analyses revealed a main effect of group in genu, fornix, and ILF in the axial model and a main effect of group throughout the corpus callosum, as well as in the fornix, ILF, ORs, and thalamic radiations in the radial model (Figure 4) .
Simple effects analyses within the FA factorial model demonstrated that TBI subjects exhibited a significant decrease in FA throughout the corpus callosum between the first and third visits ( Figure 5A ). We hypothesized that this change would be driven either by a decrease in axial diffusivity, an increase in radial diffusivity, or some combination of the two. Analyses of the secondary metrics limited to this corpus callosum region were used to test this hypothesis. Results showed that TBI subjects did not demonstrate any decreases in axial diffusivity in this region, while they did exhibit significant increases in radial diffusivity in both the genu and isthmus of the corpus callosum ( Figure 5A) . Controls did not demonstrate significant longitudinal FA decreases in any brain regions.
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www.frontiersin.org In order to determine whether the decrease in FA in the corpus callosum within the TBI group between the first and third visits was driven primarily by early changes during the first interval or late changes during the second interval, each interval was assessed individually within the FA factorial model. These secondary analyses were limited to the corpus callosum region where a change had been observed between the first and third time points. Results demonstrated that significant changes could be seen in the genu and body of the corpus callosum during the first interval ( Figure 5B ), but no significant clusters were identified during the second interval. Axial and radial diffusivity analyses within this region indicated that an increase in radial diffusivity was present in the genu during the first interval among TBI subjects (Figure 5B) , however, no accompanying decrease in axial diffusivity was observed.
Simple effects analyses within the FA factorial model also demonstrated that TBI subjects exhibited significant FA increases in bilateral regions of the SLF as well as in an OR region on the left side of the brain between the first and third visits (Figure 6) . Again, we hypothesized that changes observed among TBI patients would be driven either by decreases in axial diffusivity, increases in radial diffusivity, or some combination of the two. Analyses of the secondary metrics limited to these regions were used to test this hypothesis. Results showed that TBI subjects did not demonstrate any increases in axial diffusivity in these regions between the first and third visits, however, significant decreases in radial diffusivity were observed in all regions tested (Figure 6) . Controls did not exhibit significant longitudinal FA increases in any brain regions.
In order to determine whether the increases in FA in the bilateral SLF and left OR within the TBI group between the first and third visits were driven primarily by early changes during the first interval or late changes during the second interval, each interval was assessed individually within the FA factorial model. These secondary FA increase analyses were limited to the regions where a change had been observed between the first and third time points. No significant clusters were identified during either the first or second intervals individually, suggesting that the observed change occurred gradually over the four year study duration.
Between-groups simple effects analyses demonstrated that the TBI group had reduced FA compared to the control group in the cerebral peduncle, ILF, SLF, internal and external capsule, inferior fronto-occipital fasciculus, SS, corpus callosum, fornix, ORs, thalamic radiations, uncinate fasciculus, and corona radiata at all three visits. There were no regions in which the TBI group had greater FA than the control group at any of the three time points. We hypothesized that FA reductions would be driven by a combination of reduced axial and increased radial diffusivity. Secondary analyses confirmed this hypothesis, demonstrating that the TBI group had reduced axial diffusivity compared to controls in parts of the cerebral peduncle, external capsule, internal capsule, OR, fornix, SLF, and ILF at all three time points. Increased radial diffusivity among TBI patients was observed in all regions in which group differences in FA were observed at all three time points.
NEUROPSYCHOLOGICAL CORRELATIONS
Contrary to our hypothesis, we did not observe any correlations between an individual's GCS score and regional WM FA at any of the three time points. Of the seven neuropsychological measures tested for correlation with FA, two tests, Trails A and dominant hand finger tapping, were significantly correlated with regional FA values among the TBI subjects. No significant correlations were observed between FA and neuropsychological test performance among control subjects. Finger tapping scores correlated positively with FA in the splenium of the corpus callosum at the second time point (Figure 7) . A lowered statistical threshold α = 0.01 enabled observation of smaller splenium clusters when the equivalent correlational tests were run for the first and third time points, however, only the second time point result surpassed significance levels employed in this study. Trails A performance correlated positively with FA in bilateral regions of the SS at the first time point, and a unilateral region in the left SS at the second time point (Figure 8A) .
Correlations between FA changes and changes in neuropsychological measures over time were also significant for two neuropsychological measures, Trails A and B cognitive component. No equivalent correlations were observed among controls for any measure. There was a positive correlation between change in the Frontiers in Human Neuroscience www.frontiersin.org FIGURE 2 | (Top) A significant interaction between group and interval was observed within the FA factorial model. There were inter-interval dissimilarities in group-wise patterns of FA change in the genu of the corpus callosum (red). Axial and radial diffusivity analyses were restricted to regions demonstrating an FA effect. Within this region, a significant interaction was also observed in the radial diffusivity factorial model (overlapping blue region), but not the axial diffusivity factorial model. The left side of the statistical map is patient left and right is patient right. (Bottom) This graph shows the average FA value for each subject at each of the three time points within the corpus callosum cluster demonstrating an FA effect. Controls are marked as green diamonds, TBI patients with a 24 h GCS score of 7 or lower are marked as pink squares, and patients with a 24 h GCS score of 10 or higher are marked as orange triangles. Box plots indicate the 75th percentile, median, and 25th percentile FA values of each group at each time point, and whiskers indicate 1.5 times inter-quartile ranges.
Trails A score between the first and third time points and change in FA over the same duration (where an increase in FA was associated with a reduction in time to complete Trails A) in the right SS ( Figure 8B) . No significant correlations were observed between change in Trails A score and change in FA during either subinterval of the study (from time one to time two or from time two to time three). A positive correlation between FA change and change in the Trails B cognitive component between time one and time three was observed in the left superior SLF and the right OR (Figure 9) . Analysis of this correlation during each of the sub-intervals did not reveal any regions of significant clusters between the first and second time point, but a significant cluster was observed in the right posterior SLF between the second and third time points (Figure 9 ).
DISCUSSION
Longitudinal brain changes following TBI are sparsely documented. In this study we examined TBI patients over a period of four years and found that rather than showing a circumscribed period of brain degeneration following injury, TBI involves a protracted period of brain change that continues for several years. The results of this study suggest that studying alterations in brain WM may provide clues to neuropsychological function following TBI, and potentially inform upon the clinical course of patients following injury. In our study, we found significant effects in the corpus callosum, which is commonly injured in TBI. The group by time interaction observed in the FA factorial model combined with the simple effects analyses indicates that the TBI subjects demonstrated a significantly greater reduction in FA in the genu of the corpus callosum during the first year post-injury than during the subsequent three years of the total followup period. This result is commensurate with previous work on a different subset of individuals in this cohort indicating FA reductions in this region during the first year post-injury (Bendlin et al., 2008) , as well as other previous studies that have also found longitudinal WM decline in this region during the first year (Xu et al., 2007; Wu et al., 2010) . Our results also demonstrated that the observed FA effect was driven by increased radial, rather than decreased axial, diffusivity, which is consistent with previous observations (Sidaros et al., 2008; Kumar et al., 2010) . Other recent research has indicated that initial injury to the genu is highly predictive of patient outcome (in terms of general disability), however, we did not observe correlations between FA change in this region over time and change in neuropsychological task performance (Matsukawa et al., 2011) . The main effect of time combined with simple effects analyses indicate that TBI patients experienced a continued decline in FA throughout the corpus callosum that continued throughout the duration of the four year period studied, and that this decrease was driven by increases in radial diffusivity. It has been suggested that initial tearing, shearing, and misalignment of axons initiates an inflammatory cascade that leads to further WM damage, myelin loss, and gliosis, and we expect that these processes were critical to the gradual, long-term FA reductions observed here (Povlishock, 2000) .
The main effect of group combined with between-groups simple effects analyses indicate that TBI subjects exhibited reduced FA in several major tracts, that this difference was persistent for at least four years post-injury, and that a combination of reduced axial and increased radial diffusivity gave rise to these FA differences. These results collectively demonstrate that in several major tracts there is reduced directional coherence of WM among our TBI subjects that is both widespread and long-lasting. These between-groups differences are consistent with cross-sectional observations (Chan et al., 2003; Nakayama et al., 2006; Kiraly and Kiraly, 2007; Xu et al., 2007; Bendlin et al., 2008; Sidaros et al., 2008; Wang et al., 2011) .
Our simple effects results also demonstrate that TBI subjects demonstrated increases in FA in the SLF bilaterally as well as in a portion of the OR during the course of the study, potentially signifying improvement of WM integrity or alternatively showing loss of crossing fibers in these brain regions. No previous study that we are aware of has demonstrated longitudinal increases in FA among TBI patients. This is likely because no previous study that we are aware of followed patients for four years as the current study did, and the FA increases we observed appear to have taken place gradually during the four year study duration. Previous research has, however, identified apparent improvements in FA in animal models of TBI (Rubovitch et al., 2011) , and in either axial or radial diffusivity among human TBI patients (Sidaros et al., 2008; Kumar et al., 2010) , indicating that our present finding is potentially replicable. This evidence of subtle neurological recovery merits further investigation, particularly in clinical settings. The secondary result indicating that this increase in FA was driven by a longitudinal decrease in radial diffusivity (rather than an increase in axial diffusivity) could suggest improved myelin integrity within the tract, however, it is equally plausible that progressive loss of damaged axons that is observed in animal models Frontiers in Human Neuroscience www.frontiersin.org FIGURE 4 | (Top) A significant effect of group was observed within the FA factorial model in several white matter tracts throughout the brain, including the cerebral peduncle, inferior and superior longitudinal fascicule (ILF and SLF), internal and external capsule, inferior fronto-occipital fasciculus, sagittal stratum, corpus callosum, fornix, optic radiations, thalamic radiations, uncinate fasciculus, and corona radiata (red). Axial and radial diffusivity analyses were restricted to regions demonstrating an FA effect. Within this set of regions, a significant effect of group was also observed within the radial diffusivity factorial model (overlapping blue regions), as well as the axial diffusivity factorial model (overlapping green yellow regions). Regions in which a significant effect was seen in the FA, radial diffusivity, and axial diffusivity models are shown in green. The left side of the statistical map is patient left and right is patient right. (Bottom) This graph shows the average FA value for each subject at each of the three time points within the regions demonstrating an FA effect. Controls are marked as green diamonds, TBI patients with a 24 h GCS score of 7 or lower are marked as pink squares, and patients with a 24 h GCS score of 10 or higher are marked as orange triangles. Box plots indicate the 75th percentile, median, and 25th percentile FA values of each group at each time point, and whiskers indicate 1.5 times inter-quartile ranges.
of TBI (Creed et al., 2011) may underlie the observed FA changes in our TBI cohort. The fact that longitudinal changes in radial (rather than axial) diffusivity were found in the same regions where FA changes were found warrants further attention. In the literature, findings concerning radial diffusivity and TBI tend to be relatively consistent across studies, whereas findings relating to axial diffusivity are inconsistent. Many studies have reported longitudinal increases in radial diffusivity in the absence of changes in axial diffusivity and like in the current study these changes have frequently been localized to the corpus callosum (Mac Donald et al., 2007; Newcombe et al., 2007; Ewing-Cobbs et al., 2008; Tasker et al., 2010) . Differences in axial diffusivity, however, have been inconsistent, with some groups finding increases (Sidaros et al., 2008; Tasker et al., 2010) , decreases (Li et al., 2011) or no change (Mac Donald et al., 2007) in both the corpus callosum and other regions. These inconsistencies may be due to differences in how long after injury patient scans were obtained. While FA variations may be related to myelin change, axonal change, or differences in directional coherence of fibers (e.g., presence of absence of crossing fibers), changes in axial diffusivity are thought to be associated primarily with axonal changes while changes in radial diffusivity are thought to relate to myelin changes (Song et al., 2002; Alexander et al., 2007; Xie et al., 2010) . These findings indicate that progressive FA loss observed among our subjects was likely driven by progressive myelin pathology, possibly due to persistent inflammation (Ramlackhansingh et al., 2011) . While progressive FA increases observed could have been driven by improvements in myelin integrity, the removal of axons with damaged myelin by phagocytotic processes likely also contributed to our result.
While it is not plausible to determine why some regions showed FA increases while others showed decreases with imaging data alone, it is nonetheless instructive to speculate on this matter. One likely contributing factor is the specific injuries sustained by this cohort of TBI patients. The corpus callosum is frequently that center of severe damage during TBI, and the subjects in this cohort were no exception. Several subjects' initial radiology notes included mentions of corpus callosal damage, but none mentioned other tracts specifically. It is possible, therefore,
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FIGURE 5 | (A)
Simple effects analysis within the FA factorial model revealed a significant region of the corpus callosum in which TBI subjects exhibited greater FA at the first time point compared to the third time point (red), indicating a longitudinal FA reduction during the four year study duration. The equivalent test in controls did not produce any significant clusters. Secondary axial and radial diffusivity analyses were renstricted to regions demonstrating an FA effect. Axial and radial diffusivity analyses demonstrated that in this region there was a significant increase in radial diffusivity, but no decrease in axial diffusivity, during the four year study (overlapping blue region). (B) Analysis of this region during the two sub-intervals revealed that there was a significant FA reduction between the first and second time points in the genu of the corpus callosum among TBI subjects (red), but no clusters between the second and third time points. Secondary axial and radial diffusivity analyses were restricted to regions demonstrating an FA effect. Axial and radial diffusivity analyses demonstrated that in this region there was a significant increase in radial diffusivity, but no decrease in axial diffusivity, between the first and second time points (overlapping blue region). The left side of the statistical map is patient left and right is patient right.
FIGURE 6 | Simple effects analysis within the FA factorial model revealed significant regions in the bilateral SLF in which TBI subjects exhibited greater FA at the third time point compared to the first time point (red), indicating a longitudinal FA increase during the four year study duration. The equivalent test in controls did not produce any significant clusters. Secondary axial and radial diffusivity analyses were restricted to this region demonstrating an FA effect. Axial and radial diffusivity analyses demonstrated that in this region there was a significant decrease in radial diffusivity during the four year study period (overlapping blue region), but no accompanying increase in axial diffusivity. The left side of the statistical map is patient left and right is patient right. the continued deterioration was observed in regions with greater initial damage. Another complementary possibility is that differential tract properties promote different responses to insult.
Research with animal models has demonstrated that astrocytic proliferation can occur in responses to focal injury, but only certain subclasses of neurons are capable of this type of structural remodeling (Blizzard et al., 2011) . Further research, most likely in animal models, is necessary to determine why certain regions continue to deteriorate post-injury while others remain static or even improve. GCS score and WM integrity were not correlated in TBI patients, likely due to the heterogeneity of patients' injuries. It is probable that more severely injured individuals had greater WM Frontiers in Human Neuroscience www.frontiersin.org damage near impact sites, but variable injury locations across subjects precluded group-wise identification of these differences.
The neuropsychological correlations we observed were consistent with our hypothesis that FA and neuropsychological task performance would correlate positively. In TBI patients, damage to the splenium indexed by lower FA was associated with slower finger tapping speed, consistent with previous studies linking corpus callosum to manual motor tasks (Muetzel et al., 2008; Caeyenberghs et al., 2011a,b) . Faster performance on the Trails A test was associated with higher FA in the SS, an interesting finding given that this tract is known to be implicated in visuomotor functions. Individuals with greater damage to this tract likely had more difficulty completing the task (Makris et al., 2005; Hao et al., 2011) . Over time, this relationship held, with a subset of TBI patients showing longitudinal improvements in Trails A completion speed between the first and third time points and a corresponding increase in FA in the SS over the same interval.
Correlations were also observed between change in the Trails B cognitive component score over time and change in FA values among TBI patients. A correlation was observed between the first and third time points in the left SLF and the right OR, as well as in the right SLF between the second and third time points. Previous work has demonstrated that FA in the SLF is is associated with complex functions such as attentiveness, working memory and reading skills (Karlsgodt et al., 2008; Frye et al., 2010) . The SLF subserves a wide variety of connective functions, and the longitudinal improvements in directional coherence of fibers within this tract among TBI patients in this study may have contributed to improved scores on the Trails B cognitive component measure. Interestingly, we also found a relationship in the OR (a tract relevant to the relay of visual information from the lateral geniculate nucleus to the visual cortex); this may suggest that subtracting Trails A scores from Trails B scores does not entirely remove the visuomotor element of the task, or possibly that this tract is important for subserving the cognitive component of a visuomotor task. Overall, our neuropsychological correlations demonstrate that the differences in FA observed in our study do indeed have an impact on cognitive and motor function, and that subtle increases in FA over time reflect WM change that is related to improved functionality in patients. While it should be noted that the neuropsychological correlations reported in the current study may be specific to the set of patients included and their particular patterns of WM damage, it is nonetheless informative to identify functional relevancies of WM change.
In addition to the primary analyses and results presented in this paper, we also conducted an investigatory simple effects analysis of whole-brain radial diffusivity changes within our patients. This analysis was carried out within the radial diffusivity factorial model used in our primary analysis, but the search was not restricted to regions demonstrating FA change. The results of this analysis, which used the same statistical parameters as our primary FA analysis, indicated that within our cohort longitudinal decreases in radial diffusivity (approximating improvements in myelin integrity) were found in regions throughout the brain during the four year study duration. Regions included superior and inferior longitudinal fasiculi, internal and external capsules, the descending corticospinal tract, and forceps major and minor ( Figure A1 ). While this analysis is beyond the planned scope and goals of the current study, it is provocative and may be informative to future research.
The results of this study likely have significant clinical relevance. Specifically, it is notable that we observed WM changes occurring for several years post-injury because the continued malleability of the injured brain holds promise for the effectiveness of treatments well beyond the three to six month window in which treatments are typically prescribed. The FA increase observed in this study has particular relevance to treatment options, as it reflects plasticity and represents a potential physiological basis of rehabilitation. In order to truly assess the relevance of these results to clinical applications, a clinical trial study would be necessary. In such a study, DTI would be used as an outcome measure with the expectation that patients undergoing treatment would exhibit less deterioration or greater improvement in regional brain WM integrity. A positive result would underscore the clinical relevance of our findings.
The current study has methodological limitations that should be considered. Firstly, the results of our study may be limited by methodological limitations imposed by performing a patient and control comparison. For example, it is possible that preprocessing of imaging data and even MR signal of interest can be affected differentially by group. Voxel-wise comparisons of brain images are dependent upon accurate alignment to a template; in order to minimize error, all FA maps were visually inspected for withinsubject tract alignment to the template and alignment across all participants. Another potential limitation concerns the greater ratio of women to men in the control group compared to the TBI group. Due to this, we used gender as a covariate in all analyses. In this study we were not able to account for the intensity or duration of rehabilitations programs in which some of our patients participated. Future clinical trials are critical to understanding how rehabilitation programs impact neurological recovery.
Concurrent volume loss exhibited by TBI patients could also have confounded our results. Volume loss following injury is well Frontiers in Human Neuroscience www.frontiersin.org established in the TBI literature (Levine et al., 2008; Merkley et al., 2008; Sidaros et al., 2009) , and has also been observed in this particular cohort of patients (Bendlin et al., 2008) . While any DTI study done on this patient population will have results obtained in the context of volume loss, it is nonetheless important to acknowledge that tissue contraction, in addition to microstructural reorganization, may contribute to observed changes in DTI metrics. To ensure that our results were not due solely to volumetric changes, we conducted a native space region of interest analysis on the genu of the corpus callosum. The genu was selected because it is a functionally relevant region and is easily identifiable. FA values were extracted from 3 mm spherical ROIs placed in the center of the genu in each participant's native space DTI images from Visits 1, 2, and 3. Independent samples twotailed t-tests showed that TBI patients had reduced FA compared to controls at all three time points ( Paired samples t-tests showed no longitudinal changes within the control group. These results mirror the observations made in our whole-brain analysis, and partially allay concerns about the confounding effects of concurrent volume change. Finally, the results of this study may be limited by the small number of participants that were followed through all three time points. The TBI population and college aged controls are both itinerant populations, and therefore, difficult to track for long periods of time. Notwithstanding this limitation, follow-up of TBI patients over three time points makes this an extremely valuable sample. Furthermore, we did not find significant differences in age, education or injury severity within either group between those who dropped out of the study and those who completed all three visits, suggesting that selective drop-out did not bias the results.
In this study, we show that TBI patients exhibit longitudinal WM changes that continue for at least four years post-injury.
These changes include both progressive reductions in FA (observed in the corpus callosum) as well as progressive FA increases (observed in the bilateral SLF). Within the regions where FA changes were found, radial diffusivity alterations were present-suggesting myelin changes continued to occur throughout the period studied. Furthermore, neuropsychological correlations indicate that diffusion metrics are related to cognitive and motor abilities, and that improved directional coherence within tracts is relevant to improved task performance in certain brain regions among TBI patients. The fact that changes continued to develop for several years post-injury provides support for the hypothesis that TBI is not merely an event but rather the initiation of a prolonged disease state with potentially lifelong systemic impacts. FA increases are of particular note due to the unprecedented nature of these findings. TBI is generally conceptualized as strictly a degenerative condition and evidence of what might be long-term neurological improvement could be of significant clinical importance. We strive to continue to improve our understanding of these long-term effects following traumatic injury. An important area of work going forward will be to capitalize on signs of gradual long-term neurological and functional improvement observed in TBI, and to further understand the brain correlates of ameliorative change, which likely occurs alongside progressive degeneration. APPENDIX FIGURE A1 | A supplementary whole-brain analysis of radial diffusivity change among patients that was not restricted to regions demonstrating an FA effect was conducted. This analysis was carried out in the same radial diffusivity factorial model used in the restricted radial diffusivity analyses, and statistical thresholds used in FA analyses were employed. This analysis examined decreases in radial diffusivity during the four year study duration. Regions of decreased radial diffusivity included significant longitudinal decreases in radial diffusivity in superior and inferior longitudinal fasiculi, internal and external capsules, forceps major and minor and the descending corticospinal tract (blue). The tubular regions of change that extend through the descending corticospinal tract were not constrained on any side by the white matter mask employed in our analyses. The left side of the statistical map is patient left and right is patient right.
Frontiers in Human Neuroscience
